Using density functional theory (DFT) with local density approximation (LDA) and generalized gradient approximation (GGA) correlation functionals, the electronic and magnetic structures of cubic BaFeO 3 in the ferromagnetic (FM) and antiferromagnetic (AFM) states are studied. Our LDA/GGA and LDA+U /GGA+U results show that cubic BFO has a FM ground state, in agreement with recent experimental works. Two types of Jahn-Teller (JT) distortions, denoted as JT1 and JT2, are considered. We find FM to ferrimagnetic (FIM) and FM to AFM magnetic phase transitionn in the JT1 and JT2 type of distortions, respectively. Larger strains are required for the FM-AFM transition as compared to the FM-FIM. DFT+U calculations also show that the magnetic moments dramatically decrease at large strains due to strong overlapping between the Fe and O atoms. The origins of these transitions is discussed in terms of a competition between double exchange and superexchange interactions. Oxygen and Fe displacements are therefore responsible for the magnetic phase transitions and the reduction of the magnetic moments.
SFO is of particular interest due to its simple crystal structure and helical magnetic structure. Recently, the helical spin order in Fe perovskites has been investigated using a double exchange (DE) model including oxygen 2p orbitals. 8 In particular, it was found that G-type helical magnetic structure could be changed to A-type by reducing the superexchange (SE) interactions.
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Another example of perovskites is BaFeO 3 (BFO), which is one of the few oxides where iron has an oxidation state of +4. 9 In bulk, BFO normally assumes a hexagonal crystal structure, although various polymorphs have been observed with oxygen deficiency. [9] [10] [11] [12] [13] Bulk hexagonal BFO exhibits an interesting AFM to FM transition at 160 K.
14 Recent experiments observed however ferromagnetism in cubic BFO, where the metastable cubic structure was shown to be stable down to 8K, 15 and a field-induced switching from AFM to FM. BFO has also spin spiral magnetic order, but it is different from that of SFO. As a consequence, SFO needs larger external fields than BFO for the AFM to FM transition. Callender et al. 16 have grown epitaxially cubic BFO on STO and found week ferromagnetism with a transition 26 We carefully checked the convergence of the cutoff energy for the real-space grid, since the lattice parameters and magnetic moments in this system were rather sensitive to this parameter. This energy cutoff defines the energy of the most energetic plane wave that can be represented on such grid, i.e., the larger the cutoff the smaller the separation between 29 . We performed calculations with U = 4 eV and U = 4.5 eV, which is the range of values most used in the literature for iron 29, 30 , and 
III. RESULT AND DISCUSSION
We carried out total energy calculations of cubic BFO in nonmagnetic (NM), FM, and AFM states. We will only discuss GGA+U data, but comparison with LDA+U /LDA/GGA will be made wherever necessary. We found that at ambient pressure BFO has a FM ground state. Figure 1 shows the calculated total and projected density of states (PDOS). The electronic structure of BFO shows typical half metallic behavior, which has important applications in spin based electronic devices (spintronics). 18 It is important to mention that our calculated LDA/GGA electronic structures showed metallic behavior, which is also in agreement with the previous DFT calculations. 19 We therefore believe that including an optimum value of U is essential to describe the true electronic structure of BFO.
We mainly considered two types of distortion δ denoted as JT1 and JT2. In JT1 (see were repeated with LDA+U /GGA+U , a similar magnetic phase transition was obtained.
Including U , however, decreases the barrier height (∼ 0.05 eV), shifts the phase transition region to higher strains and reduces the isoenergetic region.
The second type of strained BFO exhibits a different behavior (see right panel of Fig. 3 ).
The LDA/GGA calculations show that BFO retains its FM configuration up to 0.07 eV/Å 3 but beyond that point it transits to an AFM state. This shows that large strains would be 6 required for such magnetic phase transition. The phase transition is shifted to even higher strained regions 0.10 eV/Å 3 when U is included. Interestingly, ∆E has a local minimum around 0.04 eV/Å 3 , which is exactly the amount of strain where a FM-AFM transition was observed in the JT1 case. Comparing JT1 and JT2, we see that when some of the oxygen atoms are moved away from the Fe atoms distorting the octahedra the Fe atoms couple antiferromagnetically beyond some strain limit. From this it is possible to infer that O displacements suppress DE and favor SE beyond some critical strain. Changes in the exchange integral J due to strain will therefore have significant effect on DE and SE interactions, as will be discussed below. Moving the Fe atoms away from the oxygen atoms brings however the FM order to lower energy states. These calculations suggest that small atomic displacements are crucial for the magnetic ground state structure. The total magnetic moments per unit cell of JT1 in the AFM state (shown in Fig. 4 ) are also analyzed. In the unstrained case, BFO has zero magnetic moment which is consistent with a true AFM structure. However, when the structure is distorted, i.e., when the octahedral symmetry is lowered, BFO develops a non zero magnetic moment. Therefore, changing the atomic positions of the O atoms not only changes the local magnetic moments of the Fe atoms, but it also transforms BFO to an AFM structure with non zero magnetic moments, 7
i.e., a FIM. It is interesting to note that starting from an AFM structure, the electronic self-consistent cycle converges to a FIM structure whenever some strain is imposed in the JT1 case. More importantly, it is also possible to see a more severe change in the total magnetic moments than that found in the FM calculations, i.e., beyond 0.07 eV/Å 3 , the total magnetic moment converges to ∼ −4.0 µ B . Interestingly, in both FM and AFM calcul ations, the magnetic moments of the unit cell converge to ∼ |4.0| µ B , which suggests that FM and AFM states are isomagnetic in this high-strain region. Note that similar considerations were also derived from the total energy calculations (See Fig. 3 )
The magnetic moments of BFO in the FM and AFM states were also examined in the To elucidate the origin of these magnetic phase transitions and the reduction of the magnetic moments beyond some critical strain, we focus on the effect of distortions on the electronic structure of BFO. As we previously showed, pristine BFO has a half metallic electronic structure where t 2g and e g states are separated from each other due to a crystal field splitting (see Fig.1 ). The calculated DOS for the JT1 case in the FM and AFM states for a strain of 0.03 eV/Å 3 , which is very close to the FM-AFM/FIM transition, are given in We consider now the electronic structure in the strained region, where AFM/FIM is the ground state structure, to have a clear understanding of such magnetic phase transition. The DOS also demonstrates the existence of an electronic phase transition (half metal to metallic) at large strains. The magnetic phase transition is therefore accompanied by an electronic phase transition at large strains, mainly contributed by t 2g and O p orbitals.
To shed more light on the mechanism of the phase transition we look now into the spin densities of different systems in the FM and AFM states in the (110) plane. This analysis will further help us to understand the origin of magnetic phase transitions and the reduction of magnetic moments at large strains. Figure 8 shows the spin densities of JT1 sys00, sys009 and JT2 sys009. This behavior can be seen in Figure 8 , where Fe II has a large spin polarization ,whereas
Fe I has a smaller magnetic moment of ∼ 0.12 µ B (∼ −1.05 µ B ) in the FM (AFM) state.
Notice also the spin polarization at the O c site is reduced. This behavior shows again that the FM-AFM/FIM transition is mainly governed by strong Fe I -O c bondings. In the JT2
sys009 the spin densities of both Fe atoms decrease again due to the strong overlap with the O c atom but their shape is indistinguishable, which is expected since the local environments are the same.
The origin of the FM-AFM/FIM phase transition can be discussed in terms of SE and DE models. Generally, compressing a lattice parameter a leads to the increase of the hopping integral t, represented by pdσ. In this particular case t personifies the orbital hybridization between O p and Fe 3d. Since DE and SE energies are proportional to t and t 4 , respectively, increasing t enhances SE as compared with DE. 8 In our case the lattice constant a of BFO is fixed at its optimized value, and we only changed the bond angle/length between the atoms in such a way that it strongly modifies the electronic structure. As we have shown (see all DOS figures) when the strain increases, the hybridization between the Fe and O orbitals also increases. At a large strains t becomes very strong and BFO transitions to AFM/FIM.
This shows that SE is enhanced by strain, since the oxygen band width increases and favors AFM/FIM. On the other hand, at low strain the overlap between Fe 3d and O 2p is relatively weak and DE wins, which compels BFO to be in the FM state. This competition between DE and SE is consistent with our total energy calculations, i.e., FM vs. AFM states. At large strain the energy difference J increases, suggesting that t also increases, which agrees with the DOS figures. In such competition, the magnetic moments decrease due to the strong t.
Changing a can also change the magnetic structure of BFO, i.e., A-type or G-type helical spin structures. In particular, decreasing a produces a G-type structure. 18 Such magnetic structural changes are again mainly caused by t. In the light of the phase diagrams presented 10 in Ref. 8 (Fig.3) , where it is shown that the transition from FM to a helical magnetic (HM) phase transition depends on pdσ and oxygen-oxygen hoping amplitudes t pp , it is possible to infer that large t pp is also important for the stabilization of the HM state. In our case, straining BFO produces AFM or FIM magnetic states, depending on the nature of the strain.
Therefore, we believe that the experimentally observed magnetic phase transition at high pressure or external magnetic fields 20 may distort the local environment of the Fe and O atoms in BFO and such distortion can favor FM-FIM/AFM magnetic phase transitions.
IV. SUMMARY
Cubic BaFeO 3 (BFO) was investigated using density functional theory (DFT) within the generalized gradient approximation (GGA) and the local density approximation (LDA). The effect of on site Coulomb interaction U was also considered. We showed that BFO has a 
